Abstract. Activation of brown adipose tissue (BAT) is an effective strategy for treating obesity. Hepatocellular carcinoma (HCC) is a life-threatening hepatic malignancy with a high mortality rate. Considering that obesity is a risk factor for HCC, the aim of the present study was to investigate the association between HCC and BAT. Using a mouse model, H22 transplantation led to an increase in liver weight, a decrease in the weight of BAT and white adipose tissue, and an increase in the serum level of triacylglycerol (TG). In the in vivo BAT excision model, the removal of BAT led to increased growth of H22 tumors, which was accompanied by a more marked increase in liver weight and in the serum level of TG. The in vitro and in vivo intervention models with primary brown adipose cells (BACs) indicated that primary BACs can directly decrease the viability of H22 cells and the growth of tumors. In conclusion, BAT is a protective organ or tissue against HCC, and BACs may be a potential therapeutic tool for the treatment of HCC.
Introduction
Adipose tissue serves a vital role in regulating metabolism. Two different types of adipose tissue, white adipose tissue (WAT) and brown adipose tissue (BAT), have been recognized in mammals. Although WAT has attracted considerable attention in various research fields, the progress of investigating BAT remains slow.
In the last decade, it has been demonstrated that BAT is a therapeutic target of obesity and other associated metabolic diseases. BAT was first described in 1551 by K. Gessner in the interscapular region of marmots and was validated in the early 20th Century (1) . In 2004, BAT was identified in the adult human body by fluorodeoxyglucose-positron emission tomography (2, 3) . Ultimately, in 2009, the presence of a metabolically active form of BAT in the adult human body was identified in three independent studies (4) (5) (6) . Of note, in recent years, it has been reported that WAT can acquire similar metabolic functions to those of BAT in a process known as 'browning' (7) . Subsequently, the number of studies on the origin, development, activation, function and regulation of BAT has rapidly increased.
Hepatocellular carcinoma (HCC) is one of the most common malignant types of cancer with a high mortality rate. There is a lack of effective strategies for the treatment of HCC in the clinic, particularly for patients with advanced stages of the disease, as surgical resection or transplantation are not suitable owing to serious side effects caused by conventional chemotherapy and radiotherapy. Currently, bio-immunotherapy and targeted therapy are favorable for clinical application because of their relatively low toxicity. However, the self-tolerance immune mechanism of the liver and a lack of candidate target antigens are huge challenges for bio-immunotherapy (8) . Furthermore, clinical trials of targeted drugs, with the exception of sorafenib, ended in failure (9) (10) (11) , which is stagnating the progress of targeted therapy. Therefore, there is an urgent requirement to develop novel HCC treatments with a lower toxicity and a higher efficiency.
To date, owing to a decrease in the incidence of chronic hepatitis infections, the rationale for an increasing number of HCC cases is focused on liver metabolic disorders (12) . Metabolic conditions, including obesity, which underlie hepatic metabolic diseases, are becoming emerging risk factors for HCC (13) . Considering that the browning of WAT and the activation of BAT have been indicated to be a novel approach for treating obesity (14) , it is hypothesized that there are as yet unknown connections between HCC and BAT. BAT may be an inhibitory factor for HCC.
Therefore, to clarify the association between HCC and BAT, a mouse model was used to determine the effect of H22 cell transplantation on BAT. The in vivo BAT excision model was established to investigate the effect of removing BAT on the growth of H22 tumors. Furthermore, the in vitro and in vivo intervention models with primary brown adipose cells (BACs) were developed to investigate the interaction of BACs with the H22 cells and tumors, respectively. Furthermore, DNA microarray and signaling pathways [Kyoto Encyclopedia of Genes and Genomes (KEGG)] analyses were used to characterize the gene expression profile of the liver. The metabolic alterations in the serum were also investigated by biochemical analysis. A number of previously unreported connections between BAT/BACs and HCC were identified, thus indicating an innovative strategy for HCC treatment. A total of 140 female KM mice (18-20 g ) at 3-4 weeks old were purchased from HFK Bioscience (Beijing, China), and were fed standard food and water. The mice were housed in cages in a 12-h light/12-h dark cycle at 22±1˚C and a humidity of 55±5%. After 2 days of free access to regular food and water, the mice were used for subsequent experiments.
Materials and methods

Animals
H22 mouse model. H22 ascites, which were frozen and passaged in our laboratory, can be transformed into solid tumors in the armpits of KM mice. First, 1 ml cryopreserved H22 ascites were thawed and injected into the abdominal cavities of three KM mice. After 2 weeks, the abdominal cavities of KM mice were filled with H22 ascites. The ascites (dilution, 1:10) were injected into the armpits of 10 female KM mice. These 10 mice were allocated to the tumor (T) group. A further 10 healthy female KM mice were allocated to the control (C) group.
Blood samples were collected from the eyeballs, tumors and livers from 20 mice 10 days later. BATs in the interscapular region and WATs in the inguinal region were dissected and weighed following sacrifice of the mice. At the same time, part of the liver tissues was excised and frozen in liquid nitrogen. At the end of the experiment, the collected blood samples were centrifuged at 3,000 x g for 5 min at room temperature, and the serum in the supernatant was stored at -80˚C for biochemical analyses.
BAT excision model. A total of 40 KM mice (weight, 18-20 g) were randomly divided into four groups: sham (S), sham and tumor (ST), surgery (O), and surgery and tumor (OT). At day 0, all mice were anaesthetized by injecting pentobarbital sodium into the abdominal cavities (50 mg/kg). Incisions (15-20 mm) were made in the interscapular regions of the mouse skin. For the S and ST groups, the wounds were sutured immediately. For the O and OT groups, BATs in the interscapular region were excised and the wounds were sewed.
At day 4, H22 ascites (dilution, 1:10) were injected into the armpit of mice in the T and OT groups. At day 14, the blood samples were collected from the eyeballs of 40 mice. Tumors, livers, BATs and WATs in the mice were treated as aforementioned in the H22 mouse model section.
In vivo primary BAC intervention model. Primary BACs were isolated as described by Marko et al (15) . Following sacrifice and sterilization, the BATs in the interscapular region were dissected from the 3-week-old female mice. The tissues were minced and digested at 37˚C for 30 min in an isolation buffer with 1 mg/ml collagenase I, 123 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 5 mM glucose, 4% bovine serum albumin (Amresco, Inc., Framingham, MA, USA) and 100 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (pH of 7.4). The digested tissues were passed through a 100-µm nylon filter, and the collected BACs were centrifuged at 1,200 x g at room temperature for 5 min. The BACs were resuspended in Dulbecco's modified Eagle's medium (DMEM)/F12 (GE Healthcare, Chicago, IL, USA) containing 20% FBS (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented with penicillin (100 U/ml) and streptomycin (100 µg/ml), in a humidified atmosphere containing 5% CO 2 . The medium was changed daily. The identity of BACs was validated using steps as outlined by Gao et al (16) as follows: i) The BACs were induced and differentiated to become mature adipose cells, and ii) the mature BACs were stained with oil red O.
Following stabilization of the primary BACs, H22 ascites were injected into the armpit of mice at a volume ratio of 1:10 simultaneously adding the different numbers of BACs in the inoculation suspensions. All mice were sacrificed, and the tumors and livers were dissected and weighed 10 days after injection.
In vitro primary BAC intervention model. The in vitro primary BAC intervention model was established by performing a co-culture assay of the primary BACs and H22 cells using Transwell cell culture inserts (Corning Incorporated, Corning, NY, USA) containing a polycarbonate filter with an 8-µm pore size. The H22 cell line was purchased from the China Center for Type Culture Collection (Wuhan, China). H22 cells were cultured in RPMI-1640 medium (GE Healthcare) supplemented with 10% FBS and penicillin (100 U/ml)/streptomycin (100 µg/ml) at 37˚C in a humidified atmosphere containing 5% CO 2 .
H22 cell suspensions (2x10 5 cells/ml) in a volume of 600 µl RPMI-1640 complete medium were added to the lower compartment of the chamber. BAC suspensions at different cell densities (7.5x10 4 , 1.5x10 5 and 3x10 5 cells/ml) in 100 µl DMEM/F12 complete medium were added to the upper compartment of the chamber. After 48 h of co-culture, the H22 cells were enumerated using a blood counting chamber. The experiments were performed in triplicate. The complete medium refers to the basal medium (RPMI-1640 or DMEM/F12) supplemented with FBS and penicillin/streptomycin. Serum biochemistry and histological analyses. Serum cholesterol (CHO), high-density lipoprotein (HDL), low-density lipoprotein (LDL), triacylglycerol (TG) and glucose (GLU) were analyzed using a Hitachi 7100 analyzer (Hitachi, Ltd., Tokyo, Japan) and kits obtained from Zhongsheng Beikong Biotechnology (Beijing, China) (http://www.zhongsheng.com. cn/). Formalin-fixed tissues including BAT, WAT and liver were embedded in paraffin, and the sections were stained for 5 min at room temperature with hematoxylin and eosin using a Hematoxylin-Eosin Staining kit (cat. no., G1120-100, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), according to the manufacturer's protocols. The percentage of cross-sectional areas for BAT and WAT was quantified, which was determined in three random view fields for each mouse from one group using a Leica QW3 light microscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA).
DNA microarray and KEGG analysis of the livers for the T and OT groups.
Five groups, i.e. C, T, S, O and OT, were created using a similar animal modeling process with that aforementioned. The mice in the C and T groups were treated with the aforementioned procedures in the H22 mouse model. The mice in the S, O and OT groups was treated with the aforementioned procedures in the BAT excision model. Following sacrifice of the mice, the livers were collected in liquid nitrogen. For the T and OT groups, three liver tissue samples were selected from three different mice and combined as one sample. The gene expression profiles of the combined sample were analyzed for T vs. OT by DNA microarray and KEGG analysis.
Statistical analysis. The data and results were calculated with Excel 2016 (Microsoft Corporation, Redmond, WA, USA). The data are expressed as the mean ± standard deviation, and then plotted using GraphPad Prism (version 6; GraphPad Software, Inc., La Jolla, CA, USA). The statistical differences among three or more groups were determined using analysis of variance followed by a Tukey's test. Student's t-test was used for comparisons between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
H22 transplantation decreases BAT weight in mice.
In order to investigate the association between HCC and BAT, the H22 mouse model was used to determine the effect of H22 transplantation on BAT. As presented in Table I , the weight of the liver in the T group was significantly greater compared with that of the C group (P<0.01). In addition, the weights of BAT and WAT for the T group were decreased compared with those of the C group; however, the difference was not statistically significant. As presented in Fig. 1A , the histopathological analysis of BAT, WAT and liver revealed no marked pathological changes prior to or following injection of H22 cells. The percentages of cross-sectional areas in BAT were 58.81±5.54 and 54.32±4.71, respectively, for C and T; and in WAT were 91.71±3.45 and 90.52±4.25, respectively, for C and T. In order to analyze the biochemical serum indices of the two groups, the levels of CHO, HDL, LDL, TG and GLU were determined. The TG content in the serum of the T group increased significantly compared with that of healthy mice (P<0.01; Table II) .
Gene expression profiling analysis of the livers in the two groups of mice was also performed. Fig. 1B indicates that there was upregulation of genes involved in the cell cycle (including BUB1, CCNA2, CDC14A, CDK1, CDKN2C, E2F1, ESPL1 and GADD45B) and DNA replication-associated (including FEN1, MCM2, MCM3, MCM4, MCM5, MCM6, PCNA, POLA1, POLE, POLE2, PRIM1 and RNASEH2B) signaling pathways in the liver of the T group. In addition, a number of genes in metabolism-associated signaling pathways (including ACAA1B, ACSL1, AOX3, CYP1A2, ACAA1B, ACADSB, ACAA1B, ACACA, ACAA1B and ACOT1) were downregulated (Fig. 1C) .
Removal of BAT in vivo promotes the growth of H22 tumors.
Since H22 injection led to a decrease in the weight of BAT in mice, an in vivo BAT excision model was used to investigate the effect on H22 tumors of removing BAT. The tumor weight of the OT group was significantly larger (P<0.01) compared with that of the ST group, indicating that excision of BAT promoted the growth of H22 tumors (Table III) . Compared with the S group, H22 injection led to a significant increase in liver weight in the ST group (P<0.05) and the removal of BAT also resulted in a significant increase in liver weight in the O group (P<0.05) (Table III) . Furthermore, the liver weight in the OT group was higher compared with that of the O or ST group, but there was no significant difference in liver weight between the OT and O groups or between the OT and T groups. For the ST group, the weight of BAT and WAT decreased compared with in the S group where mice do not have tumors, but there was no significant difference between the two groups. The weight of WAT in the OT group was significantly less compared with in the O or S group (P<0.01). There were no marked pathological changes in sections of BAT, WAT and liver among different groups (Fig. 2) . The percentages of cross-sectional areas in BAT were 57.20±4.96 and 56.18±5.10, respectively, for the S and ST groups; and in WAT were 94.13±2.94, 93.04±2.13, 92.07±2.43 and 90.45±8.14, respectively, for the S, ST, O and OT groups. Since the functions of liver and BAT are associated with lipid metabolism, the serum concentrations of the biochemical indicators CHO, HDL, LDL, TG and GL were determined (Table IV) . For CHO, HDL, LDL and GLU, there was no significant difference in serum levels among the four groups. The patterns of changes in the serum level of TG among the four groups were similar with regard to liver weight. There was a significant increase in the serum level of TG in the ST or OT group compared with the S or O group, respectively (P<0.01). However, in contrast with the S group, the serum TG level in the O group increased slightly, but not significantly.
Primary BACs inhibit the viability of H22 cells and growth of tumors in vitro and in vivo.
The aforementioned results indicated an interaction between H22 and BAT, so an intervention model with primary BACs was used to investigate the effect of BAT on the growth of H22 cells and tumors in vitro and in vivo. The mature BACs were stained with oil red O to validate the primary BACs (Fig. 3A) .
As presented in Table V , the growth of H22 tumors was markedly decreased owing to a mixture of BACs and H22 ascites in the inoculation suspensions. At the end of the Figure 1. (A) H22 cell transplantation resulted in no pathological changes in BAT, WAT and liver in the C and T groups, as determined by hematoxylin and eosin staining (magnification, x200). The 10 most significantly (B) upregulated and (C) downregulated pathways in the liver for the group T vs. C as determined using Kyoto Encyclopedia of Genes and Genomes pathway analysis. BAT, brown adipose tissue; WAT, white adipose tissue; C, control; T, tumor; Sig, significant; DE, differentially expressed; IgA, immunoglobulin A; TNF, tumor necrosis factor; PPAR, peroxisome-proliferator-activated receptor. experiment, the weight of the H22 tumor in the OT group reached 3.00±0.35 g. When 7x10 5 and 14x10 5 BACs were mixed with the H22 inoculation suspensions, the final tumor weight decreased to 2.17±0.35 and 1.72±0.46 g, respectively. These changes were significant compared with the OT group with no BACs, which corresponded to inhibition rates of 27.67 and 42.67%, respectively. However, injecting a mixture of BACs and H22 cells did not affect liver weight (Table V) .
The results of the in vitro experiments are presented in Fig. 3B . The co-culture of the primary BACs and H22 cells was used to investigate the effect of BACs on the viability of H22 cells in vitro. The initial density of H22 cells was 2x10 5 cells/ml in the lower compartment of the chamber, and, after 48 h, the density of the H22 cells reached 1.65x10 6 cells/ml in the blank control. Notably, when primary BACs were injected in the upper compartment of the chamber, the viability of the H22 cells was inhibited. The densities of the H22 cells were 134.08, 109.08 and 103.08x10 4 cells/ml for 7.5x10 3 , 1.5x10 4 and 3x10 4 BACs, respectively, representing decreases in viability of 18.90, 34.02 and 37.65%, respectively. Compared with the blank control, there was a significant difference in cell viability for 1.5x10 4 and 3x10 4 BACs (P<0.01).
KEGG analysis of the signaling pathways in the liver in T and
OT groups. From the aforementioned results, it was observed that BAT affected the growth of H22 tumors and, following H22 injection, the liver weight also changed. Therefore, the changes in hepatic signaling pathways following the resection of interscapular BAT and H22 injection were investigated. Tumor, liver and BAT weights in the five treatment groups (C, T, S, O and OT) were determined and analyzed. The pattern of the key indicators, including the weights of the association tissue in serum was similar to that of the aforementioned results. The weight of the liver in the T group was significantly greater compared with that of the C group. The tumor weight of the OT group was larger compared with that of the T group. The removal of BAT resulted in an increase in liver weight in the O group. Furthermore, the liver weight in the OT group was higher compared with that of the O or T group. The KEGG analysis of gene expression profiles of livers for the T and OT groups in presented in Fig. 4 . Compared with the T group, the cancer-associated central carbon metabolism (including FGFR1, GLS, NTRK3, PDHA2, SIRT6 and SLC2A2) was enhanced in the OT group, which may be associated with tumor growth.
Discussion
Previous studies have identified that WAT is the major tissue associated with obesity (4), which is associated with an increased risk of HCC (13, 17) , and BAT is an effective target for treating obesity (4). However, to the best of our knowledge, there has been no published study on the association between HCC and BAT.
The results of the present study indicate that BAT and BACs have an inhibitory effect on the viability of H22 cells and growth of tumors in vitro and in vivo. H22 transplantation led to increased liver weight, decreased BAT weight in the interscapular region and an increased serum level of TG in mice. The removal of BAT led to increased growth of H22 tumors, which was accompanied by a more marked increase in liver weight and serum level of TG. The primary BACs were able to inhibit the growth of H22 tumors in vivo. By removing BAT, the effect of inter-individual variation in the interscapular region was excluded, and the addition of BACs provided a more conducive environment for inhibiting the growth of H22 tumors. The primary BACs also directly limited the viability of H22 cells in the Transwell chamber for the co-culture assay. At the beginning of the present study, the H22 mouse model was used to elucidate the association between HCC and metabolism. The H22 mouse model was characterized by an increase in liver weight, a decrease in the weight of BAT and WAT, and an increase in the serum TG level. The increased liver weight in the T group was consistent with the results of a previous study (18) , which indicated that the injection of H22 cells markedly increased the liver indices. In this model, it was demonstrated that the serum TG content was increased following H22 transplantation, which could be associated with the downregulation of the fatty acid degradation signaling pathway.
The serum TG level is an important indicator for monitoring metabolic diseases. Non-alcoholic fatty liver disease is a common metabolic syndrome and may lead to the development of cirrhosis, which is a significant risk factor for HCC. Nderitu et al (19) identified that the increased TG level was associated with an increased risk of developing HCC. From pathological tissue biopsy results, the decrease in the weight of BAT and WAT without histopathological cell atrophy possibly arose from the decrease in the number of BACs or cellular contents. Therefore, the H22 mouse model indicated that HCC exerted a negative effect on BAT, which prompted the investigation of the role of BAT in HCC. Similar to the gene knockout method used for investigating gene function, BAT in the interscapular region was removed to observe the function of BAT in the growth of H22 tumors in the BAT excision model. The results indicated that the removal of BAT altered the liver weight and the serum TG level. Furthermore, the most marked changes in increased liver weight and serum TG content in the OT group were influenced by the removal of BAT and by H22 transplantation. Most notably, the growth of H22 tumors increased in the OT group compared with the ST group, which indicated that BAT could inhibit the growth of HCC.
The aforementioned results indicate an association between HCC and BAT, where HCC promotes the consumption of BAT and in turn BAT inhibits the growth of HCC. This suggests that BAT can secrete chemical substances or cytokines that inhibit the growth of HCC. Chen et al (20, 21) and Thomou et al (22) identified that exosomes secreted by BAT carried miRNAs that regulated other organs and tissues, such as the liver.
Owing to their accessibility, primary BACs were separated and used to interfere with the growth of H22 cells and tumors. The results from the in vitro and in vivo models support the hypothesis that BACs possess the potential to be an inhibitor of HCC. Coincidentally, in a study by Boyd et al (23) on the in vivo administration of peroxisome-proliferator-activated receptor γ agonists to promote the proliferation of adipose cells in the bone marrow, acute myeloid leukemia cells were killed indirectly. Therefore, a treatment approach involving the culture of BACs on a large-scale and subsequent injection into patients with HCC was suggested.
It has been established that obesity is a risk factor for HCC and the browning of WAT is a possible strategy for treating obesity. The results of the present study demonstrated that BAT inhibits the growth of HCC, which further supports the hypothesis that exercise can decrease the risk of tumor. Overall, the association between HCC and BAT identified in the present study is of interest in the field of cancer and metabolism, and further investigation is required to define the roles of BAT in the growth of HCC. The unknown functions of BAT should be verified by more comprehensive experiments. The possibility of BACs as a therapeutic tool should be confirmed by further studies with HCC animal models.
